Propene polymerization promoted by Group 4 homogeneous single site catalysts is an extraordinary meeting point of experiments and computational modeling. 1 As a matter of fact, due to the impressive experimental work performed since 1984, [2] [3] computational tools (normally routed into the Density Functional Theory, DFT) have been frequently used to explain expected or rationalize unexpected results ex post. [4] [5] [6] The stereoregulation as well as the regioregulation mechanisms have been rationalized on the basis of precursor symmetries (usually neutral dichloride or dimethyl complexes) and the microstructure of the resulting polypropylenes 7, 8 can be predicted, with few exceptions. The well-accepted mechanism of stereocontrol based on the "growing chain orientation" allows to predict stereoselectivity in good agreement with experiments, at least for metallocene and post-metallocene systems. 9 Similarly, the enantioselectivity of a 2,1 insertion has been related to the local symmetry of the ligand. 10 Together with the elements influencing the enantioselectivity of propene, insertion, it is clear that controlling and predicting the molecular mass of the resulting polymers is desirable. However, no clear quantitative statistical correlation between the structure of the precatalyst and the polypropylene molecular mass has been reported so far. The main reason for this gap is the difficulty in computing the degree of polymerization (here defined as the average degree of polymerization, n ) which in turn it is translated into the calculation of propagation/termination rates, see Eq. 1,
Eq. 1
where R P is the overall rate of propagation and R T are the rates of all chain termination reactions. The two main chain termination mechanisms promoted by Group 4 catalysts are: (i) bimolecular β-hydrogen transfer (BHT) from the growing chain to the monomer and (ii) unimolecular β-hydrogen elimination (BHE) from the growing chain to the metal. As far as concern the BHT, 4 it is an associative mechanism passing through a transition state (TS) that resembles a metal hydride-bis(olefin) complex 5a,11a and a more general definition of this pathway has recently been proposed including a metalmediated H transfer (BHT A ), a direct transfer (BHT B ), and a two-steps associative displacement (BHT C ). 11b The BHE is essentially dissociative; being of zero-order with respect to the monomer if this were the dominant chain release mechanism, the polypropylene molecular mass would be dependent on the monomer concentration. Unfortunately, putting BHE on the same free-energy scale as the insertion and BHT paths is complicate because these reactions differ in molecularity, which creates problems when calculating freeenergy differences in solvent. Furthermore, the β-hydrogen transfer to the metal TS could be not representative of the real energy barrier needed for this chain release process, unless associative displacement of the olefin-like chain end by a monomer or a solvent molecule takes place. Scheme S1 reported in Supporting Information summarizes the above concepts. These factors explain why, to the best of our knowledge, only one attempt to put calculated BHE energies on the same free-energy scale as propagation and BHT by using empirical corrections has been reported. 11b Apart from BHT and BHE, other mechanisms like β-methyl elimination or transfer to the co-catalyst have been recognized as important. The former pathway occurs for metallocenes bearing very bulky ligands, such as Cp*, 12 the latter one might be predomi-
nant in case of drastic experimental conditions (e.g. very low monomer concentrations and high co-catalyst/catalyst ratio). 13 In summary, the chain-release step involves not only a variety of mechanistic pathways but also a surprisingly fluidity depending on subtle changes in the metal and in the ligands. Nevertheless, despite this complexity it has been demonstrated that the dominant termination mechanism with the large majority of Group 4 metallocenes and post-metallocenes, under practical experimental conditions is the BHT. 4a,13 In combination with the catalyst structure, also the experimental parameters (temperature, monomer concentration, nature of co-catalyst, co-catalyst/catalyst ratio, solvent) influence the molecular mass. Finally, it is worth to recall that for propene polymerization the degree of polymerization is also dependent on the regiochemistry, since chain transfer is much more likely to take place after a secondary insertion, making termination favorable over chain propagation. 14 By reviewing the literature, we summarize few guidelines related to the bulkiness of the active pocket that influence the ratio between insertion and termination rates:
A) A more open coordination sphere explains the higher molecular masses achieved with group 4 constrained geometry catalysts (CGCs, systems 1 and 2 in Chart 1), [15] [16] [17] [18] with respect to ansa-metallocenes (e.g. systems 3-12). Interestingly, industrial applications were found only for Ti-based systems since the Zr-homologues are unable to produce polymers with acceptable molecular mass. Furthermore, the importance of a "proper" coordination sphere around the metal (namely the angle Cp centroid -M-Cp centroid in metallocenes) accounts also for the effects of the bridge in the ansa-metallocenes (e.g. -Si(CH 3 ) 2 in place of -C(CH 3 ) 2 , see systems 3 and 4, orSi(CH 3 ) 2 instead of -Si(Ph) 2 , see systems 6 and 7).
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B) Suitable modification of the metallocene skeleton, as the methyl substitution on the 2,2' position on the indenyl or benzindenyl ligand, 20, 21 can suppress the β-hydrogen transfer to the monomer increasing the average molecular mass (compare systems 4, 8 and 10 with 5, 9 and 11, respectively). C) Changing the metal maintaining the same ligand scaffold allows to reach higher molecular mass (e.g. Hf complexes yield polymers with higher average molecular masses than the Zr homologues. 20, 22 ) D) Modification of ligand framework by using postmetallocene catalysts 23 enlarges the range of olefin-based materials accessible. Typical example are the C 2 -aminophenolate octahedral complexes 23 presenting ortho-phenolate substituents (see systems 17-18 of Chart 1). 24 E) Enhancing the stability of the polymer chain by weak interactions with the ligand makes the β-H atom of the growing chain less prone to be transferred to the metal and/or to the monomer. These interactions explain the non-living character of octahedral bis(phenoxy-imine) catalysts (see systems 22-23 of Chart 1) with respect to the "living" polymerization behavior shown by the analogous ortho-fluoro systems (see systems 25-26 of Chart 1).
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In principle both steric and electronic properties contribute to behavior described in points A-E above; in practice it is well accepted that steric effects play the predominant role. 4a,5,6 In this work we have revised the above concepts aiming to characterize and quantify the proper coordination sphere around the metal, and the suitable ligand framework to obtain higher molecular mass polymers, possibly linking the metal role with ligand effects. We have focused on the neutral precursor features, since this approach allows to define a "training set" property that could be applied in fast methods like the quantitative structure-activity relationship technique (QSAR) widely used in medicinal chemistry for the design of new and more efficient drugs.
With this aim in mind, we decided to measure the steric hindrance of a series of Group 4 propylene polymerization catalysts using the buried volume (%V Bur ) descriptor. The buried volume gives a measure of the space occupied by the ligand in the first coordination sphere of the metal (see Figure 1 ). Initially developed to characterize the steric properties of Nheterocyclic carbenes (NHC), 26 the %V Bur descriptor has been successfully used also to rationalize the behavior of catalysts bearing ligands different from NHCs. In the following the %V Bur will be used to correlate the steric hindrance of the neutral precursors shown in Chart 1 to the energy difference between the propagation TS (INS) and the lower monomer chain transfer TS (corresponding to the metalmediated H transfer (BHT A ), or the direct transfer (BHT B ), 11b computed by DFT calculations.
Methods
All the DFT static calculations have been performed at the HGGA level with the Gaussian09 set of programs, 28 using the B3LYP functional. 29 The electronic configuration has been described with the standard split-valence basis set with a polarization function of Ahlrichs and co-workers for H, C, N, and O (SVP) 30 and with the SDD basis and pseudopotential 31 at the metal (a f function with exponent 0.5 was added for Hf). Stationary points were characterized using vibrational analysis, and this analysis has been also used to calculate zero-point energies and thermal (enthalpy and entropy) corrections (298.15 K, 1 bar). Improved electronic energies were obtained from single-point energy calculations using a TZVP basis set 32 on the main atoms; these energies added to the SVP-level thermal corrections are named G (B3/TZVP). For a comparison with experimental data we computed the free energies including solvent effects (toluene) with the PCM model, 33 and dispersion corrections 34 (EmpiricalDispersion=D3 in the Gaussian09 D.01 package), named G (B3/D3/TZVP/PCM). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In Supporting Information we report both these energies in order to estimate the influence of both dispersion correction and solvent effect. In the remainder of the paper for clarity we are using the term G DFT as synonymous of G (B3/D3/TZVP/PCM) when computing the free energy differences between the lower insertion TS and the lower BHT (BHT A or BHT B ). However, when comparing our results with the experimental data including BHE values calculated by empirical approach we will use the term G calc . The growing polymer chain was simulated by an iso-butyl group, and only the most stable TSs are reported. Although systems 23 and 26 promote propene polymerization by secondary insertion, we used a primary chain to have a fair comparison between different ligands. Moreover, the effect of a secondary propagation was already reported for systems 23 (see ref. 14) , whereas experimentally a living propagation has been found for system 26. 25 The %V Bur reported in the paper have been computed using the SambVca package developed by some of us. 35 The program analyzes the first coordination sphere around the metal, which is the place where catalysis occurs. The optimized geometry of the L-M-Cl 2 complexes under analysis has been properly oriented. After this alignment step the metal and the Cl ligands have been removed, and the first coordination sphere around the metal is analyzed. This sphere, of radius R, is sectioned by a regular 3D cubic mesh of spacing s, which defines cubic voxels, v. The distance between the center of each voxel with all the atoms in the ligand is tested to check if any of the atoms is within a van der Waals distance from the center of the examined voxel. If no atom is within a van der Waals distance, the examined voxel is marked as a free voxel. Otherwise, the examined voxel is marked as buried. With this description, Eq. 2 holds:
Page 2 of 9 ACS Paragon Plus Environment

ACS Catalysis
Eq. 2 V Sphere = Σv xyz = V free + V Bur = Σv xyz (Free) + Σv xyz (Buried) While the V Bur already indicates the amount of the coordination sphere that is occupied by the considered ligand, we prefer the more intuitive %V Bur descriptor of Eq. 3, which simply is:
Eq. 3
%V Bur = 100*V Bur /V Sphere A modified version of SambVca allows the user to perform a more detailed analysis by evaluating the %V Bur in the single quadrants around the metal center. Splitting the total %V Bur into quadrant contributions quantifies any asymmetry in the way the ligand wraps around the metal and allows to understand the change in the shape of the reactive pocket. The advanced version of the program gives the possibility to calculate also the steric map of the ligand. 36 To build the steric map, after all the voxels in the first coordination sphere have been marked as free or buried, for each (x,y) point within the first coordination sphere, the program scans the sphere from the top (i.e. away from the ligand) to find at which z value there is the first buried voxel. This procedure results in a surface, defined as S(x,y) = z B , which represents the surface of the ligand that is exposed towards the incoming reactants. In other words, this S(x,y) = z B surface defines the shape of the reactive pocket. Finally, the maps are a simple 2D isocontour representation of the interaction surface S(x,y) = z B . In this work, the radius R of 
Results and Discussions
The catalytic systems investigated in this study are reported in Chart 1. They have been selected to match the general statements A-E defined in the Introduction. Together with the C 2v -aspecific (systems 3, 4, 13 and 15) and C 2 -isospecific (systems 5, 8-12) metallocenes, we also included the C S -syndiospecific systems 38 6 and 7 to complete the relationship symmetry/microstructure, and the C 1 -symmetric system 14, which produces prevailingly isotactic polypropylene. 39 The C 2 -symmetric octahedral systems 16, 19 and 20 were included to check the effect of substituents in the ortho, meta and para positions of the salan ligand.
23 Systems 21 and 24 were studied to check the effect of substituents in the ortho position 40 as well as the ortho-fluoro effect on bis(phenoxy-imine), systems 23 and 26, respectively.
25, 41 Finally, we included also the very bulky metallocene 15, despite it is known to promote polypropylene of low molecular mass through β-methyl elimination. 12 In the next section we briefly discuss the comparison between the bulkiness of the neutral precursor and that of DFT calculated TSs for INS and BHT A for prototype metallocene and post-metallocene systems (4 and 16 of Chart 1).
In Figure 2 we report the steric maps calculated for the dichloride precursor and the TSs for insertion and BHT in the prototype metallocene 4 (2a) and octahedral non-metallocene 16 (2b). These maps clearly show a strong similarity between the catalytic pocket in the neutral precursor and in the two competing TSs. This indicates limited flexibility in the catalysts scaffold that translates in a high rigidity of catalytic pocket.
This result allows limiting the steric analysis to the neutral precursors, which is the approach followed in the remaining of this paper. Focusing on a comparison between the maps of 4 and 16, it emerges clear that the octahedral system 16 has much less hindrance in the east and west hemispheres, which is consistent with the higher flexibility in the regiochemistry of propene insertion exhibited by octahedral group 4 catalysts bearing phenoxy-amine or phenoxy-imine ligands. Our analysis continues with the classical silyl-bridged CGC system 1. As stated in literature CGC systems are characterized by a more open coordination sphere that allows an easier incorporation of bulkier monomers (e.g. 1-hexene or 1-octene). 18 To verify this hypothesis, the steric maps and the %V Bur divided into quadrants 35 for the dichloride precursors of 1 with Ti and Zr are reported in Figure 3 . Comparing Figure  2a -A with Figure 3A indicates that replacing one of the Cp ligands of metallocenes with the amido N-tert-butyl ligand decreases the bulkiness around the metal center, whereas replacing Cp with Cp* does the opposite. Focusing on the metal effect, the Ti structures are more crowded than the corresponding Zr ones (compare the %V Bur in the quadrants, i.e. 80.1 vs. 74.8 etc). Smaller effects can be envisaged by changing the substituent on the N atom (here a tert-butyl group). These results are in agreement with the experimental findings, since the Ti-based catalysts are used for the industrial production of high mass EPR copolymers, with the molecular mass depending on the bulkiness of the amido N-substituent. Moving to smaller structural effects, the role of substituents on a predefined ligand scaffold, related to the so called rational catalyst design, point B in the Introduction, can be also easily rationalized by steric maps. In Figure 4A the "difference" map between the precursors of systems 11 and 10 shows the effect of the 2,2' methyl substitution on the benzindenyl skeleton. 21 The increased hindrance in system 11 is properly placed to disfavor the more space demanding BHT A TS through repulsive interaction within the metallocene equatorial belt.
11a Similar results are obtained by analysis of the difference map between systems 9 and 8. As for the octahedral complexes 16-18, we previously reported that the bulkiness of the ortho-phenolate substituents on the octahedral framework might play a role similar to the 2,2'methyl substitution on the metallocene skeleton. 43 The "difference" map of Figure 4B , between systems 18 and 16 shows that the tert-butyl groups in 18 have a dual role. They Page 4 of 9 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 generate the needed asymmetry in the chiral pocket to induce stereoselective propene insertion and prevent the BHT reaction by creating steric hindrance that destabilizes the BHT TS, see Figure 2b -C. In summary, the buried volume and the steric map descriptors allowed to unify ideas spread in the literature on the molecular mass capability of basically all group 4 polymerization catalysts, independently of the specific coordination geometry and ligand scaffold.
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After revisiting of known concepts, we move to a quantitative level of analysis by plotting the calculated buried volume of the neutral precursors versus the energy difference between the termination and propagation TSs, G DFT , which should be directly correlated to the molecular mass capability of a given catalyst. Considering that the different metals have different electronic propensity toward insertion and termination, we separated the systems according to the metal. It is worth to remember that the correlation is depending on the DFT level used (e.g. functional, basis set, solvent model and dispersion correction) and it is well known that the hydrogen transfer represents a "classic" DFT problem. 44 In Figure 5 we report the set of data for zirconium system (corresponding to G (B3/TZVP/PCM/D3, here, G DFT ), see Methods section), whereas the E (B3/TZVP/PCM/D3 as well as E and G (B3/TZVP) are reported in Table S1 . Results indicate a good correlation between the %V Bur of the neutral precursors and the G DFT , with R 2 square 0.82, considering that the %V Bur only accounts for steric effects. 45 Moreover, the plot of Figure 5 suggests that the Zr systems can be collected in three classes as reported by dashed lines in Figure 5 : class I, systems with the %V Bur < 62; class II, systems with the %V Bur in the range 62-68; class III, systems with %V Bur > 68 (the complete list is reported in Table S1 ). Systems belonging to the first class (I) are characterized by a low G DFT value (i.e. they promote polypropylene with low molecular mass).
46 This is the case e.g. of CGC, metallocene without "proper" modification and octahedral systems (see Table S1 ). Interestingly, both the ortho-phenolate substitution and the ortho-fluoro effect seem not to be as effective on Zr post-metallocene as the simple 2,2' methyl substitution on zirconocene skeleton. 20, 21 Within class II there are systems yield to higher molecular mass polymers like ansametallocene with "suitable" modifications and proper ligand framework. Finally, class III systems, despite reporting a very high G DFT , have highly hindered catalytic pockets that experimentally show alternative chain transfers (BHE or β-methyl elimination, as in the system 15). This nicely correlates with the evidence that, for such systems, the direct transfer BHT B becomes lower in energy than BHT A . For a better visualization we reported in Figure 5 both BHT A and BHT B values for systems 14 and 15, in the fit we considered the two BHT B values. A comparison of BHT A and BHT B for system 14 is reported in Figure S1 , of Supporting Information. 6, 11 As last remark, it seems that the fine tuning of ansazirconocene systems has reached the highest level (see system 12 at the border line of class II and III) to obtain high molecular mass and that there is no enough space to further improvements within the ansa-metallocene framework. 47 The plots of G (B3/TZVP/PCM/D3), here G DFT , versus %V Bur values for Ti and Hf systems of Chart 1 are reported in Figure 6 A and B, respectively and Table S2 . Here we remind that, contrarily to the Zr systems of Chart 1, not all the Ti and Hf systems correspond to experimentally active catalysts. Apart from the nice correlation found for Ti and Hf (see the R 2 square value reported in Figure 6 A and B), we would like to highlight the following points: 1) for each group 4 metal the points %V Bur vs G DFT are described reasonably well by a linear regression equation; 2) for each ligand there is a clear G DFT trend being Zr < Hf < Ti;
3) for each %V Bur value the same G DFT trend Zr < Hf < Ti is found; 4) increase of the %V Bur over a certain value leads to the preference of a direct transfer (BHT B ), with respect to the metalmediated H transfer (BHT A ), although experimentally alternative chain transfers (e.g. BHE or β-methyl elimination) become predominant.
The Ti and Hf systems can be collected in three classes similarly to the Zr ones. However, we note that changing the metal from Zr to Ti results in a shift of several systems from class I to class II and from class II to class III, compare Figure 6A with Figure 5 . The systems remaining in class I are the nonfluorinated octahedral bis(phenoxy-imine) systems 21 and 22. CGCs, octahedral and metallocenes systems without "suitable" modification or "proper" ligand belong to the class II, whereas the remaining systems are migrated to the class III, see Table S2 . These results highlight the predominant role played by the metal. Ligand design by suitable substitution 20, 21 has been optimized for zirconocenes and any automatic extension to titanocenes should be avoided. Furthermore, the compact structure of octahedral Ti-system makes the chemical variation of both R 1 and ortho-fluoro substitution much more effective. The intercept values of the three plots (59.6 for Zr, see Figure 5 , 58.4, 56.3 for Hf and Ti, see Figures 6 B and A, respectively) confirm that less steric hindrance is requested for Ti, and to some extent for Hf, to reach larger G DFT , and thus higher molecular mass, with respect to Zr. 48 The plot of the Hf based systems appears to be more similar to the plot of the Zr systems, although both sterics and electronics concur into higher molecular mass (see Table S2 ). This is consistent with the experimental finding that for many classes of group 4 metallocene 4,20 and non-metallocene 49 Hf-based propene polymerization catalysts yield polymers with higher average molecular weights than the Zr-based homologues. We stress once again that the reported G DFT data are the upper limit values for the molecular mass prediction. This does not reflect immediately the experimental molecular mass, being suitable only if the chain transfer to the monomer is the prevailingly chain transfer mechanism.
As a final step, we derived a set of G Exp in order to perform a comparison with experimental results. The G Exp measure the experimental free energy difference between the termination versus the propagation barriers promoted by catalytic systems of Chart 1, where experimental molecular mass have been reported (see Table S3 of Supporting Information for further details). In Figure 7 we report two set of data. On the right part (red) we plot the G calc vs. G Exp (where we used G calc because we included also prediction on BHE for system 13). The good correlation (R 2 square 0.94) indicates that the quality of our theoretical approach is well spanned over the Group 4 metal catalysts. On the left part (black) we plot the %V Bur versus G Exp (or ln(M n ), where the M n are expressed in Da). We selected the %V Bur of Zr systems because of the larger number of experimental data. Obviously, we did not included in the plot systems 14 and 15 because they belong to class III. Again, we found a remarkably good correlation (R 2 square 0.84) between the %V Bur of Zr neutral precursors and the G Exp , see Figure 7 left, confirming the capability of the buried volume descriptor to rationalize the molecular mass capability of group 4 polymerization catalysts, independently from the specific coordination geometry and ligand scaffold. The "master curves" reported for Zr (see Figure 5 ), Ti and Hf (see Figure 6A and 6B) are a versatile tool not only to rationalize the properties of existing catalysts but also to operate a primary and secondary screening in combinations with highthroughput screening technologies for the development of new class of catalysts. 
Conclusions
In this paper we used the %V Bur molecular descriptor to quantify and classify the steric properties of neutral precursor of Group 4 catalysts, with the final goal to correlate within a unique model the molecular mass capability of catalysts differing for geometry of coordination and structure of the ligand scaffold. The combined use of the %V Bur and the steric maps allowed a nice rationalization of the guidelines reported in the literature. A linear correlation between the %V Bur of the neutral precursors and the DFT calculated G of propagation vs. chain transfer to the monomer is showed for all Group 4 metals. The reported correlation allows to group, for the first time, the catalytic precursors into three classes (class I, II and III) producing polypropylenes with low molecular mass, increased molecular mass and intermediate/low molecular mass strictly depending of the experimental conditions, respectively. As consequence, the relationship between precursor structure/polypropylene properties can be extended also to the molecular mass in analogy with the symmetry rules concerning the enantioselectivity mechanism for propene polymerization catalysis. 7, 8 From a methodological point of view, the "master curves" derived for Ti, Zr and Hf systems promote our %V Bur as a suitable tool for a large screening of new olefin polymerization catalysts based on Group 4 metals, in particular for QSAR investigations. As a concluding remark, we would like to insert our results in a more perspective view. In fact, from our analysis it appears that the extraordinary work performed since 90' on metallocene catalysts reached the highest level for zirconocenes and that there is not enough space to further improve the ratio between insertion and chain transfer to the monomer, at least for metallocenes. More intriguing possibilities appear for Ti-systems by using ligand scaffold different from ansa-metallocenes.
48a A large space is emerging also for Hf systems as soon as the activity performances are optimized and new ligand frameworks are explored.
48b, 49 In conclusion, these results show that there is still space to tune Group 4 catalysts toward the synthesis of high molecular mass polymers.
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